Abstract
Introduction
In recent years, with global warming of the climate, there is concern that the frequency of major tropical cyclones such as typhoons, hurricanes, or cyclones will increase (IPCC, 2013) . The passage of major tropical cyclones is a weather phenomenon that occurs in a few days but sometimes causes great damage to human society. Clarifying the frequency of tropical cyclones in an era warmer than the present age would provide important information for predicting the frequency of tropical cyclones caused by global warming. Paleotempestology has sought to develop tropical cyclone activities over a large range of time scales, from daily to millennial-scale reconstructions (Muller et al., 2017) . The more commonly used archives for past tropical cyclone activities include (1) historical documentary record, such as official histories, gazettes, newspaper, and civilian writings like travel logbooks, diaries, and poems (Fan & Liu, 2008) ; (2) speleothem (Frappier, 2008; Haig et al., 2014) , coral-ring (Hetzinger et al., 2008; Kilbourne et al., 2011) , tree ring archives (Miller et al., 2006; Li et al., 2011; Knapp et al., 2016; Trouet, Harley, & Domínguez-Delmás, 2016) , and ostracoda (Lane et al., 2017; Lawrence et al., 2008) ; (3) beach ridges (Forsyth et al., 2010; Nott, 2011; Nott et al., 2009; Nott & Forsyth, 2012) ; and (4) coastal lacustrine, lagoonal, and marsh overwash deposits (Horton et al., 2009; Williams, 2012; Woodruff et al., 2009 ). However, there are no daily records before human history in historical documents, and it is difficult to clarify individual typhoons due to the insufficient time resolution of these past tropical cyclone archives. Therefore, a proxy to clarify the occurrence of typhoons with high temporal resolution is important for high-resolution paleotempestology applications.
The giant clam (Tridacnidae) is widely distributed over the coral reefs in Indo-Pacific oceans and forms the largest shells among all bivalves (Rosewater, 1965) . Symbiont algae (zooxanthellae) in their hypertrophied mantle enable rapid growth, for example, approximately 15 mm/yr in a Tridacna gigas inner shell layer (Watanabe et al., 2004) . Annual and daily growth increments were recognizable in the shells of T. gigas, Tridacna maxima, Tridacna squamosa, and Hippopus hippopus (Aharon & Chappell, 1986; Aubert et al., 2009; Bonham, 1965; Duprey et al., 2014; Pannella & MacClintock, 1968; Pätzold et al., 1991; Sano et al., 2012; Warter et al., 2015; Watanabe et al., 2004; Watanabe & Oba, 1999) . Counting daily growth increments provides us exact deposition dates for daily increments. This attribute also allows precise dating for geochemical analysis data from a Tridacna shell (Aubert et al., 2009; Duprey et al., 2014; Watanabe & Oba, 1999) . Growth pattern analysis is useful for reconstruction of past environments with daily resolution (upwelling: Aubert et al., 2009; Cyclone: Schwartzmann et al., 2011) . In addition, Tridacnidae precipitates a dense aragonite shell resistant to diagenetic alternation. Growth increments are well preserved in a fossil shell specimen and give accurate paleoenvironmental records (Aharon & Chappell, 1986; Ayling et al., 2015; Komagoe et al., 2016; Warter et al., 2015; Watanabe et al., 2004; Warter & Müller, 2017) .
The oxygen-stable isotope ratios (δ 18 O) of a biogenic carbonate-including bivalve shell are a function of both sea surface temperature (SST) and the oxygen isotopic composition of the surrounding seawater (δ 18 O sw ; Epstein et al., 1953; Grossman & Ku, 1986) . The δ 18 O of biogenic carbonates sometimes deflects from the isotopic equilibrium with surrounding seawater; this is called the "vital effect" (Horibe & Oba, 1972; Urey et al., 1951, e.g., coral skeleton) . However, Tridacna shells calcify essentially in isotopic equilibrium with surrounding seawater (e.g., Aharon, 1983; Watanabe & Oba, 1999 affected by ontogenetic growth (e.g., Goodwin et al., 2003) . However, Tridacna shell has a fast growth rate and large daily growth increment. Therefore, Tridacna δ 18 O shell provides high-resolution paleotemperature reconstruction on decadal to century time scales (Watanabe & Oba, 1999) . In addition, previous studies have suggested that Tridacnidae shell is secreted in isotopic equilibrium with seawater (Aharon, 1991; Aharon & Chappell, 1986; Duprey et al., 2014; Jones et al., 1986; Romanek & Grossman, 1989; Watanabe & Oba, 1999) . The earlier study of Romanek and Grossman (1989) Iwao et al., 2002) . Okinotori Island locates passage of typhoons approach Japan. Forty-six (red) of 157 (blue) typhoons passed in radius of 500 km from Okinotori Island.
Tridacnidae (Moir, 1986) and generally occurs in geological and archeological fossil assemblages (Faylona et al., 2011) .
Barium has a nutrient-like distribution in the ocean, and the coralline barium/calcium ratio (Ba/Ca) has been used as record of upwelling events in the tropical ocean (Lea et al., 1989) . In bivalve species, common mussel (Mytilus edulis) calcite shell Ba/Ca profiles appear to show seasonal peaks in Ba associated with changes in particulate Ba, dissolved Ba, or phytoplankton productivity (Gillikin et al., 2006) . Similarly, Ba/Ca peaks in the inner shell layer of T. gigas appear to reflect the timing and amplitude of chlorophyll peaks associated with phytoplankton blooms (Elliot et al., 2009) .
In this study, we measured growth increment width, δ 18 O shell , and Ba/Ca in T. maxima from Okinotori Island, a
site in the open ocean in the tropical western Pacific. Okinotori Island is very isolated from any sources of anthropogenic contamination, and the island is in the path of typhoons approaching Japan (Figure 1) . From 1993 to 1998, 46 of 157 typhoons passed within a radius of 500 km from the island (JAMSTEC). According to Japan Metrological Agency's classification of typhoon zone, 500 to 800-km radius typhoon is called major typhoon and there is possibility of blowing wind speed of 15 m/s or more. T. maxima from Okinotori Island is thus appropriate for an investigation of whether the giant clam can be used as a record of abrupt environment changes. The aim of this study was to validate whether the shell of T. maxima in Okinotori Island, Japan, could record daily-to weekly-scale environmental events such as typhoons.
Materials and Methods

Okinotori Island and Tridacna maxima Sample
Okinotori Island (20°25 0 N, 136°05 0 E) is the southernmost island (an atoll) in Japan and is isolated from islands with human inhabitants (Figure 1 ). Thus, there are few terrestrial and artificial effects on its coral reefs. According to general seasonal SST variation for Okinotori Island (statistics processed for April 1993 to February 2001) reported in Nakano et al. (2001) , SST in Okinotori Island monotonously rises through April to June and reaches up to 29.5°C in July. SST in Okinotori Island exceeds 29°C from June to September. After that, SST decreases gradually from October to February. The average amplitude of annual SST changes in Okinotori Island is 4.8°C (Nakano et al., 2001) . A living Tridacna maxima specimen was collected at 2 m depth in the coral reef of Okinotori Island on 15 June 2006, during the cruise KH-06-2 of the Research Vessel (R/V) Hakuhoumaru. We caught few Tridacna maxima specimen from the island, and we used the youngest shell specimen with fast growth rate to detect the geochemical and sclerochronological signals during typhoon approaches. The shell was 12.8 cm long and 8.6 cm tall (umbo-edge; Figure 2a ). All Tridacnidae in Okinotori Island are T. maxima (Yoneyama et al., 2006) .
Sample Preparation
The soft tissues of the T. maxima specimen were removed immediately after collection. The shell was put into a polyester solidifier (p-resin, Geoscience Materials Nichika) to prevent breakage of the shell outer layer structure during cutting. The shell was cut in two 10-mm-thick sections with a stonecutter (blade thickness 0.5 mm), along the maximum growth axis (Figures 2a and 2b ). One shell section was for geochemical analysis, and the other was for sclerochronological analysis (Figures 2b-2d ). The sections were polished with #800, #2000, and #8000 polishing powder. The sections were ultrasonically rinsed (ultrasonic bath, SND corp. US-207) in deionized water for 15 min between the three rounds of polishing.
Sclerochronological Methodology
To emphasize the growth increments, one shell section was immersed in Mutvei's solution (Schone et al., 2005) . Increments were clearly observed after 15 min of etching in Mutvei's solution (500-mL acetic acid 1%, 500-mL glutaraldehyde 25%, and 0.1 g of alcian blue powder) at 37-40°C (Figure 2d ). Photographs of the shell section were taken under a digital microscope (KEYENCE VHX-2000) , and the increment thickness in the outer layer was measured using the image processing software ImageJ (Rasband, W.S., 1997 (Rasband, W.S., -2015 . The increments were measured in the recent (edge; collected date) to old direction along the growth axis, corresponding to the geochemical analysis transect on the other section ( Figure 2d ). By comparing composite photographs of geochemical and sclerochronological analysis shell sections, we can determine the calendar date for the geochemical analysis results. 
Stable Isotope Analysis
Powder samples for isotope analysis were taken from the pair of shell sections (Figure 2c ). Each sample was obtained from the parallel to the growth increments using a hand drill (HP-200S, Toyo associates Co., Ltd., Japan) with a 0.4-mm drill bit (model BS1201, Minitor Co. Ltd., Japan; Figure 2d ). The sampling grooves were taken discretely and constantly had an average length of 400 μm, depth of 500 μm, and width of 400 μm of providing around 200-μg powder samples for isotope analysis. Each sampling groove contained 8-36 increments depending on shell growth rates (Figure 2c ). The 20-to 40-μg powder samples were reacted with 100% phosphoric acid at 70°C in a carbonate preparation device (Kiel IV Carbonate preparation device), and the produced CO 2 was analyzed using a stable isotope ratio mass spectrometer (Thermo Scientific MAT 253 
Analysis of the Barium/Calcium Ratio
Barium and calcium concentrations were analyzed by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (Agilent 7700 ICP-MS coupled with New Wave Research NWR193 laser ablation system: 193-nm ArF excimer laser [pulse width < 5 ns]) along the same sampling line used for isotopic analysis sampling ( Figure 2c ). The laser conditions were as follows: irradiance 0.82 GW/cm 2 , repetition rate 10 Hz, and 40 s of laser duration. The sample surface was cleaned by 5 s of preablation. The shell sample was ablated using a 100-μm laser spot, and each spot was adjacent to its neighbor, without overlap. There were 2 to 6 growth increments in each ablated spot. The calibration of the signal intensity to the Ba/Ca ratio was performed using glass standard materials: NIST 612 standard grass distributed by the National Institute of Standard and Technology (Shirai et al., 2008) . 43 Ca was used as an internal standard, and 138 Ba was expressed in terms of its molar ratio to 43 Ca. The analytical error for the Ba/Ca ratio (relative standard deviation) was within 3.86% (n = 42, 1σ NIST612) as external long-term reproducibility throughout this study. After isotopic and Ba/Ca ratio analysis, the sampling grooves and spots on the shell section were compared to the growth increment positions by overlaying photographs of the sections.
Environmental Data
The SST in Okinotori Island was observed by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC; SST data available at the JAMSTEC Okinotori Island Web site, http://www.jamstec.go.jp/j/database/okitori/index.html). The SST was measured in 40-min intervals at an automatic observatory in Okinotori Island. These data sets were converted into daily averages to compare to the temporal resolution of the isotope analysis. The data on temporal chlorophyll a concentrations (8-day binned data available at NASA's Ocean Color Web, http://oceancolor.gsfc.nasa.gov/) were obtained from a 9 km × 9 km pixel containing Okinotori Island in Sea-viewing Wide Field-of-view Sensor (McClain et al., 2004) by Yamazaki et al. (2011) . The outgoing longwave radiation (OLR) is the intensity of infrared emission from ocean, land, or cloud surfaces, which decreases with cloud cover. Cloud surfaces emit relatively shortwave radiation, reflecting the cooling temperature altitude. In contrast, warming surfaces emit longwave radiation. In the tropical zone, low OLR values show active convective activity and much rainfall. OLR can be used as an indicator of high sunlight-like OLR in strong sunlight (Shupe & Intrieri, 2004) . Typhoons that passed over Okinotori Island were defined from the past position of typhoons in a weather chart (Japan Meteorological Agency), and the wind speed at Okinotori Island was observed by JAMSTEC (wind speed data available at http://www.jamstec.go.jp/j/database/okitori/index.html).
Results
Sclerochronological Record and Chronology for T. maxima
The growth increments in the shell section appeared under microscopic observation as a pair of less-etched white lines (growth lines) and deeply etched blue bands (growth increments) when stained with Mutvei's solution (Figure 2d ). There were 937 increments observed in the shell section (five-time replication
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Journal of Geophysical Research: Biogeosciences counting error was within ±1.3% of increments number). The thicknesses of the increments ranged from 6.16 to 59.9 μm, and the average thickness was 25.2 μm. Bivalves sometimes form irregular growth increment patterns called "growth breaks" (Kennish & Olsson, 1975) . There is a distinct growth break characterized by a deep V-shaped notch in the outer shell layer at the 230th growth increment counted from the shell edge and the growth break continued to the measurement part (Figures 2c and 2d ). In addition, there are growth breaks in which width suddenly decreased appearing at the 98th, 122nd, 241st, 411th, 617th, 795th, 831st, and 858th growth increments (Figure 3 , arrow marks).
To assign calendar dates to the isotope ratios and Ba/Ca ratio, the age model was established using the number of growth increments (Figure 3) . The growth increments in T. maxima shells are formed daily; that is, they are a "daily growth increment" (Duprey et al., 2014) . We determined the date of sampling spots for δ increments coincide. The differences between the number of days and growth increments (day À increments) were 16 in period A, À5 in period B, and À4 in period C (Figure 3) . Consequently, the number of increments between the shell δ 18 O maxima almost corresponded with the number of days within increments counting error.
To validate the daily growth increment-based chronology, we established another chronology using the relationship between 16.6-day average SST and δ 18 O shell . , the number of the growth increments was 431. Thus, using the 16.6-day average SST-based chronology, the differences between the number of days and the growth increments were 36, À32, and 1, respectively. We also compared daily SST running averages using weekly to monthly windows and found no significant differences. Therefore, the chronology based on daily growth increments was more accurate than the age model established from the chronology using SST and δ 18 O shell .
These results showed that the growth increments in our specimen formed growth increments on a daily basis and confirmed the accuracy of a daily growth increment-based chronology. Thus, using giant clam daily growth increment-based chronology provides date to geochemical analysis if there are no enough resolution SST data available.
Stable Isotope Ratios in Okinotori T. maxima
The shell δ 18 O ratios of the T. maxima shell ranged from À1.81 to À0.38‰ with an average of À1.25‰
(n = 57; Figure 3d ). Lower δ 
Shell Growth Increments and Chronology
Comparison of SST records and δ
18
O shell confirms that the growth increments in T. maxima were daily growth increments and confirms the accuracy of the daily growth increment-based chronology. The two error factors for calendar date were uncertainty of the peak position of δ 18 O shell and formation of the growth increment. The difference in the chronology on a daily growth increment basis was large in period A. Figure 3b ). The T. maxima specimen stopped growth and did not make a growth increment when the specimen was exposed to thermal stress. However, in periods B and C, the remainder (number of days À that of increments) showed more growth increments than the number of days between SST minima (5 and 4, respectively; Figure 3 ). These disagreements were within counting error (±1.3% of increment number). Duprey et al. (2014) suggested that T. maxima sometimes made complex daily growth increments (subdaily growth increments) and it might be related to subdaily rhythms in shell deposition itself related to subdaily shell gaping behavior in T. maxima. Therefore, our specimen could also make complex growth increments and it might cause of over counting of growth increments. Although there was some uncertainty in of counting the growth increments, we could assign dates to geochemical analysis data using a daily growth increment-based chronology with 12.9%, 1.5%, and 0.9% counting error in periods A-C, respectively (Figure 3 ).
Shell Stable Oxygen Isotope Ratios
In this study, the δ 18 O sw in Okinotori Island is unknown; therefore, we assumed that δ
18
O sw was 0 ‰ and used the aragonitic shell bivalve relationship: T(°C) = 21.8 À 4.69 * (δ 18 O À δ 18 O sw ) (Grossman & Ku, 1986) for reconstruction of Okinotori Island SST. The instrumental SST and reconstructed SST differed. Causes of the differences are considered below. 
Synchronous Geochemical and Microstructural Signals in the Giant Clam Shell With Approaching Typhoons
The World Meteorological Organization categories of typhoons passing above Okinotori Island are shown as black circles (category 5: maximum wind speed above 33 m/s) and gray circles (category 3: maximum wind speed from 18 to 24 m/s; category 4: maximum wind speed from 25 to 32 m/s) above the SST profile (Figures 3 and 4) . We distinguished the typhoons that affected the specimen habitat using the World Meteorological Organization category and whether the typhoons were within more than 500 km from Okinotori Island. We compared the time series of δ
18
O shell , Ba/Ca, and increment thickness of the giant clam specimen to metrological data (Figures 3 and 4) . The shell Ba/Ca and δ 18 O shell profiles showed abrupt changes during periods of typhoons approach (Figures 3 and 4 ). In addition, there was a decrease in increment thickness and some disturbed growth increments after typhoon approach. The shell Ba/Ca and δ 18 O shell had positive peaks and decreasing increment thickness when SST suddenly decreased in May 2004.
Growth Increments and Growth Breaks
Hippopus hippopus (Tridacnidae; Linné, 1758) closes its valves and decreases its shell growth during an intense upwelling event (Aubert et al., 2009 ) and cyclone (Schwartzmann et al., 2011) . In addition, Aubert et al. (2009) suggested that abrupt SST decrease caused a decrease in growth increment thickness. Our specimen (T. maxima) can also close its valves and decrease its shell growth when typhoon approaches. Indeed, there was a decrease in growth increment thickness during typhoon periods (Figures 3b and 4b) . Cold upwelling water and strong waves caused by typhoons could stress the shell specimen. Shell growth quickly returned to normal after the typhoons (Figures 3b and 4b ).
The specimen had nine growth breaks in its growth increments (see section 3.1). Previous studies revealed that the growth increment pattern of several bivalve species relates to environmental changes. For example, a growth break in hard-shell clams (Mercenaria mercenaria) is classified as a freeze-shock break, heat-shock break, thermal-shock break, abrasion break, spawning break, neap-tide break, or storm break via its microgrowth patterns (Kennish & Olsson, 1975) . However, sclerochronology studies of giant clam are scarce (Aubert et al., 2009; Schwartzmann et al., 2011) . Daily growth increments for giant clams would be a paleoenvironmental proxy with high temporal resolution. In our results, the T. maxima shell specimen had some growth breaks (arrows in Figures 2, 3b, and 4b ). In particular, the distinct growth break around November 2005, characterized by a V-shape notch, was observed from the shell scute surface to the shell outer layer (white arrow in Figures 2d, 3c , and 4b). On 3 September 2005, the most powerful typhoon passed through the meteorological observation in Okinotori Island during 1993-2013. Another distinct break characterized by a notch in the shell outer layer corresponded to September 2004, when continuous typhoons passed the island (Figure 4e ). These growth breaks suggest that typhoons can disturb the giant clam specimen habitat; simultaneously decreasing SST would be a stress for the specimen.
Not only environmental factors but also ontogenetic factors cause growth breaks. For instance, a spawning break could be a factor for growth breaks. Kubo and Iwai (2006) reported that T. maxima reaches sexual maturity at approximately 120 mm of shell length or 500,000-mm 3 volume. Furthermore, T. maxima in Okinawa Island in southern Japan increases gonad development in spring (Kubo & Iwai, 2006) . Although the timing of gonadal development of T. maxima in Okinotori Island is unknown, our T. maxima specimen shell length was 12.8 mm. Thus, the specimen likely reached sexual maturity, and reproduction may cause the growth breaks in the spring of each year (Figure 4b ). It is possible to differentiate from its stratigraphic seasonality spring growth breaks (mainly seasonal spawning) and fall breaks (mainly typhoons) from its stratigraphic seasonality.
δ 18 O shell and SST Decrease With the Typhoon
The instrumental SST rapidly decreased after typhoons approached Okinotori Island (Figures 3e and 4e and Table 1 ). The base of Okinotori Island is a seamount from the deep sea (approximately 2,500 m) that causes
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Journal of Geophysical Research: Biogeosciences upwelling (Genin & Boehlert, 1985) . Heavy winds due to tropical cyclones also cause upwelling (Price, 1981) . Consequently, typhoons approaching Okinotori Island cause upwelling and decreasing SST in the Okinotori Island reef. In addition, typhoon precipitation also causes decreased SST.
The δ 18 O shell reflected SST changes caused by typhoons (summary in Table 1 ). Table 1 ). These lags could result from the different geographical locations of the observatory and specimen. Because the location of the specimen was separated from the channel of the Okinotori Island reef, it might have delayed the SST decrease due to typhoons. Additionally, the insufficient sampling resolution could not reconstruct the minima of decreasing SST in the typhoon periods exactly.
Consequently, δ
18 O shell reflected SST decreases due to typhoons and the higher resolution δ
18
O shell may clearly reflect the SST changes caused by the typhoons. 4.3.3. Ba/Ca in T. maxima Ba/Ca peaks in the T. maxima shell specimen appeared when a typhoon approached Okinotori Island (Figures 4a and 4e) . Elliot et al. (2009) suggested that the amplitude and timing of Ba/Ca peaks in the inner layer of the T. gigas shell reflected the increase in chlorophyll concentration associated with phytoplankton blooms. Previous studies have suggested that Ba concentration in the bivalve shell reflects the concentration of dissolved or particulate Ba in ambient seawater (Lazareth et al., 2003; Vander Putten et al., 2000) and Ba-rich phytoplankton ingested by the shell specimen (Stecher et al., 1996) . However, in the Tridacna shell, the exact mechanisms of Ba concentration in the shell have not been defined. (Figures 4a and 4g ). Chlorophyll data consisted of the 8-day average of the satellite observation, and thus, the amplitude and the timing of chlorophyll concentration might be underestimated because developed cumulonimbus estimated by low OLR values in these periods prevented satellite observation. In addition, shell Ba/Ca may be controlled not only by not ingestion of phytoplankton but also by variation in dissolved Ba in seawater. The vertical distribution of oceanic Ba is similar to that of nutrients (e.g., Lea et al., 1989; Monnin et al., 1999) . Upwelling due to typhoons could bring Ba-rich deep-sea water to the surface of the Okinotori Island reef. Yamazaki et al. (2011) measured coral skeletal Ba/Ca in Porites lobata from Okinotori Island during the same period as this study, suggesting that coral Ba/Ca peaks and oceanic chlorophyll peaks appeared in typhoon season and winter with the supply of nitrate from deep-sea water. In addition, the coral Ba/Ca ranged from 5 to 14 μmmol/mol and averaged 6.6 μmmol/mol (Yamazaki et al., 2011) The coral skeletal Ba/Ca peaks in winter were relatively smaller than the Ba/Ca peaks in the summer typhoon season. Thus, Ba/Ca peaks in winter did not appear in the T. maxima shell due to small D Ba . However, Ba/Ca peaks in T. maxima clearly appeared in each typhoon period because the shell specimen had high temporal resolution records. Our sampling resolution (100-μm spot: 2 to 6 day) was sufficient to detect the typhoons. The range of shell Ba/Ca peaks suggested the influence of typhoons continued for 12.9 days (min. 8 days and max. 21 days; Figure 4 ). Ba/Ca peaks in the T. maxima specimen shell could be affected by the upwelling of Ba-rich seawater and its ingestion by phytoplankton, which bloomed due to this upwelling.
In summary, it is expected that the shell Ba/Ca peaks, the decrease in growth increment thickness, and the increase in oxygen isotope ratio of the T. maxima shell in Okinotori Island will occur as follows, regarding typhoons. During a typhoon, the giant clam closes its shell, the growth of the shell decreases, the growth increment thickness decreases, and sometimes, growth breaks with a sharp decrease in thickness appeared.
Okinotori Island is an atoll on the seamount, and thus, surface seawater was mixed with cold water from below the thermocline by the typhoon, and cold deep-sea water upwelled. As a result, cold deep-sea water increases δ 18 O shell . Since deep-sea water has more Ba than surface seawater, Ba was captured from the surrounding seawater in the calcium carbonate of the shell, increasing Ba/Ca in the shell when shell growth recovered from typhoon stress. In addition, deep-sea water transported by upwelling due to a typhoon and vertical mixing in winter was abundant in nutrients, sometimes causing plankton blooms (chlorophyll concentration in seawater increases). The giant clam ingested these phytoplankton, and thus, significant Ba was taken up in the shell. Moreover, when the stress of environmental factors such as abrupt SST decreases and ecological stresses such as spawning time occur, the growth increment thickness decreases, and Ba/Ca peaks may occur.
Conclusions
We presented seasonal variations in δ 18 O shell , δ 13 C shell , Ba/Ca, and growth increment thicknesses in the When typhoons approached Okinotori Island, the growth increment thickness decreased, δ 18 O shell increased, and the Ba/Ca showed positive peaks. The increment thickness of the T. maxima decreased with typhoon stress. Although similar patterns in growth and geochemistry occur in spring, these are attributed to spawning behavior that is restricted to spring, and the corresponding geochemical signals are restricted to the spring depositional layers that are distinct from the shell layers deposited from summer to fall typhoon season. By restricting our analysis to layers deposited during typhoon seasons, we avoid the potentially confounding influence of spawning signals by making use of the stratigraphic separation of the typhoon and spawning signals. An increase in δ
18
O shell during typhoons reflected a decrease in SST due to the typhoon. High resolution sampling for stable isotope analysis will improve the reconstruction of SST changes during typhoon periods. Positive peaks for Ba/Ca in the shell are considered to reflect upwelling and plankton blooms resulting from typhoons. Although the cause of the Ba/Ca peaks varies by region, these results suggest that by combining the growth increments and δ 18 O shell , these signals will be a useful tool to reconstruct past typhoons using giant clam shell fossils.
